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We report the measurements of de Haas-van Alphen (dHvA) oscillations in the noncentrosym-
metric superconductor BiPd. Several pieces of a complex multi-sheet Fermi surface are identified,
including a small pocket (frequency 40 T) which is three dimensional and anisotropic. From the
temperature dependence of the amplitude of the oscillations, the cyclotron effective mass is (0.18 ±
0.1) me. Further analysis showed a non-trivial pi-Berry phase is associated with the 40 T pocket,
which strongly supports the presence of topological states in bulk BiPd and may result in topological
superconductivity due to the proximity coupling to other bands.
Topological materials, such as topological insulators
(TI) and superconductors (TSC’s), are of great current
interest because their complex electronic structure under-
lies properties that hold promise in practical applications,
such as spintronics and quantum computation [1–7]. The
essential ingredient is the spin orbit coupling (SOC) that
creates non-trivial band states [1, 3]. In a TSC, it is the
wave function of the electron pairs that exhibits topologi-
cal properties, and among the most promising candidates
for topological superconductivity are materials with non-
centrosymmetric (NCS) crystal structures. In NCS su-
perconductors, the lack of an inversion center lifts the
spin degeneracy and, combined with strong antisymmet-
ric SOC, leads to a complex order parameter with mixed
spin singlet and spin triplet pairing components [8–10].
This can lead to topologically non-trivial superconduct-
ing phases, characterized by a full superconducting gap in
the bulk, but supporting a protected zero-energy mode
at the vortex core (Majorana fermion), as well as gap-
less edge or surface states [11–13]. These latter states
are a consequence of Andreev reflection at the bound-
aries, and hence are referred to as Andreev bound states
(ABS) [14]. Thus, the NCS family of superconductors is
most ‘auspicious’ for hosting topological superconductiv-
ity [15–19]. Thus far, few topological NCS superconduc-
tors have been identified [20–22].
The NCS compound BiPd is a type-II superconduc-
tor with a transition temperature of Tc ∼3.8 K [24, 25],
which has attracted much interest recently due to the
possible unconventional nature of its superconductiv-
ity. Here, the unconventional superconducting state is
thought to be due to the large SOC caused by the
presence of the heavy element Bi [26]. Surface experi-
ments performed on BiPd thus far show Dirac surface
states [25, 26] with anisotropic behavior [27], albeit these
states are far from the chemical potential. A scanning
tunneling microscopy (STM) study found a strong zero
bias conductance peak (ZBCP) in the vortex core, and
attributed it to a Caroli-de Gennes-Matricon vortex core
state [26, 28]. However, a connection to the Majorana
states expected in the vortex cores of topological super-
conductors could not be established. Directional point
contact Andreev reflection (PCAR) measurements also
observed a ZBCP, along with evidence for multiple su-
perconducting gaps [29], suggesting an unconventional
order parameter. Andreev surface states emerge for cer-
tain surface orientations in topologically trivial nodal su-
perconductors, but such an explanation appears to be
at odds with thermal and charge transport measure-
ments, which indicate an isotropic, fully gapped, super-
conducting state in the bulk [30, 31]. In fact, many
of the properties observed in BiPd are similar to those
of other TSC candidates, such as, Cu0.25Bi2Se3 [7] and
PbTaSe2 [20]. For example, CuxBi2Se3 displays a simi-
lar ZBCP in PCAR measurements that was attributed to
the existence of Majorana fermions and hence topological
superconductivity [14]. Clearly, further investigations to
probe the topological nature of BiPd are desired.
The difficulty in providing the direct ‘smoking gun’ ev-
idence for topology is that few probes directly couple to
the phase of the wave function. Recently, quantum os-
cillations under applied magnetic fields were used to de-
termine the topological nature of the bands in a number
of compounds [32–36] through measurements of a non-
trivial pi-Berry phase of electronic carriers. To our knowl-
edge no such data have been reported for BiPd, and we fill
this gap here. In this Letter, we report quantum oscilla-
tions in single crystalline BiPd measured by torque mag-
netometry, i.e. the de Haas-van Alpen (dHvA) effect, for
different orientations of the magnetic field (B). Analysis
of the dHvA data suggests a complex three-dimensional
Fermi surface composed of multiple sheets. We focus on
a pocket with the dHvA frequency of 40 T, where we can
track the signal over a wide range of fields and temper-
atures. We find that these charge carriers have a very
small mass, (0.18 ± 0.01)me, where me is the bare elec-
tron mass. We show that a non-trivial Berry phase exists
for the same frequency oscillation, indicating Dirac-like
properties, including a non-trivial topology. While this
particular pocket of Fermi surface is rather small, we ar-
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2FIG. 1. Quantum oscillations detected via torque response, τ , of the cantilever magnetometer at 0.35 K and corresponding
frequencies, F. (a) Fast Fourier Transform (FFT) of the data shown in the inset for the field range from 5 to 20 T. The primary
frequencies α, β, γ, δ, η and κ, and higher harmonics, are labeled. Inset: Torque response, τ , of the cantilever magnetometer
at 0.35 K with field applied 70◦ from the b-axis showing dHvA oscillations in inverse field, 1/B. (b) Frequency dispersion in
rotating the sample with respect to applied field with angular dependence between 42◦ and 119◦ with θ representing the angle
between the field and the b-axis. A complete list of fundamental frequencies and their dispersion is given in the SM [23]. (c)
Angular dependence of α. The frequency can be well described by a 3D anisotropic ellipsoid (dashed line), which corresponds
to a 3D piece of Fermi surface with ellipticity of 2.7.
gue that the proximity coupling of this band with the
bands driving superconductivity can lead to a non-trivial
topological nature of the superconducting state.
Single crystals of BiPd were synthesized using a mod-
ified Bridgman technique in a radio-frequency induction
furnace. Large crystals were produced that were eas-
ily cleaved. A cleaved piece was analyzed using X-ray
diffraction (XRD) which showed reflections from the (0
k 0) plane only, indicating the cleaved surface was per-
pendicular to the unique axis (b-axis) of its monoclinic
structure. A complete XRD analysis, including a tem-
perature dependent investigation showing the transition
between the monoclinic and orthorhombic phases of BiPd
is given in the Supplementary materials (SM) [23].
A standard four-probe resistivity measurement showed
a superconducting transition Tc ∼ 3.8 K with a resid-
ual resistivity ratio (RRR, ρ290K/ρ4K) greater than 100,
indicating excellent crystal quality (see SM [23] Fig.S2).
The measurement of quantum oscillations was performed
at the NHMFL in Tallahassee, FL employing a torque
magnetometry technique using the 35 T resistive magnet
in a cryostat with a base temperature of 350 mK. De-
tails of the measurement techniques are discussed in the
SM [23].
Clear periodic oscillations were observed in the torque
measurements, as shown in the inset of Fig. 1a, with
the magnetic field applied 70◦ from the b-axis at 0.35
K. At this angular position, the oscillations contain a
maximum number of frequencies which were extracted by
fast Fourier transformation (FFT). Among those, the 40
T frequency (α) is present over the entire angular range
(Figs. 1b, 1c, and S3). Several other frequencies appear
at different field directions and disappear, as the crystal
is rotated.
Rotating the sample with respect to the applied field
reveals the dispersion of the dHvA frequencies (Fig. 1b).
Dispersion for the entire angular range can be found in
the SM [23]. We observed a moderate dispersion in the
small frequency α. The value of this frequency increases
monotonically to a maximum at θ ∼ 90◦ i.e. field along
the ac-plane. The angular dependence of the α frequency
can be fitted with a form appropriate for a three dimen-
sional ellipsoid, where the ellipticity was found to be ∼
2.7, as seen in Fig. 1c. Thus, α is an anisotropic, three
dimensional (3D) pocket of Fermi surface.
We analyze the dHvA oscillations by fitting the the
oscillatory magnetization to the Lifshitz-Kosevich (LK)
formula [33, 37, 38],
∆M ∝ −BλRTRDRS sin
[
2pi(
F
B
− γp − δp)
]
. (1)
Here, RT is the thermal damping term, which defines the
effective mass of the band carriers, and RD is the Dingle
damping factor [23]. Both of these factors are due to Lan-
dau level (LL) broadening, which is caused by the effects
of finite temperature, RT , and carrier scattering rates,
RD. The term RS is the spin reduction factor, which is
related to the Zeeman effect. A more in depth description
of each of these terms is given in the SM [23]. Finally,
the oscillation is described by a sinusoidal term that con-
tains the phase factor (-γp-δp), where γp is related to the
Berry phase ΦB as, γp =
1
2 -
ΦB
2pi . The dimension of the
Fermi pocket characterizes the value of λ and δp. For
example, for a 3D Fermi surface, the values are 1/2 and
±1/8 (+for minimal and - for a maximal cross section of
the constant energy surface), respectively [39].
The temperature dependence of the oscillation ampli-
tude can be fit by the form for RT (see SM [23]) to es-
timate the carrier effective mass associated with each of
the oscillation frequencies. A full temperature dependent
3FIG. 2. Effective mass of the band carriers and Berry phase analysis. (a) Temperature dependence of the oscillation amplitude,
τ , in the field range from 5 to 20 T. (b) Temperature, T, dependence of the oscillation amplitude at a field of 8.0 T, along with
a fit (solid line) of the LK theory (RT ) as described in the text. Inset: FFT of the oscillations shown in (a). (c) The 10 K data
(red curve) plotted vs. inverse field. Solid blue line is a fit of the LK theory to the data as described in the text. Two higher
harmonics and the principal frequency were used to fit the data over a broad field range from 7 to 26 T. (d) LL-fan diagram as
described in the text. Blue circles represent minima of the oscillations as demonstrated by the arrows in the inset, while black
squares represent the maxima. The solid line is a linear fit. Inset: Data after applying a bandpass filter to the torque data
around the 40 T frequency. Arrows indicate the positions of the maxima (black) and minima (blue).
.
data set was collected with the field at an angle of 28◦
with respect to the b-axis. At this angular position, only
the α frequency dominates and persists at temperatures
as high as 20 K, as shown in Fig. 2a. This indicates a
light mass for the band carriers associated with this fre-
quency. By using the data up to 15 K, we determined the
effective mass for this mode as m∗ = (0.18±0.01)me from
a fit for RT described in the SM [23], where me is the
mass of a bare electron (Fig. 2b). The amplitudes of the
other frequencies drop abruptly with increased tempera-
ture as can be seen in Fig. 2a and the inset of Fig. 2b,
preventing an accurate estimation of the effective mass
associated with the other oscillatory modes. For exam-
ple, using only a limited number of data points (3 for the
frequency mode β), the effective mass of the frequency
was estimated to be (0.55 ± 0.03)me (see Fig. S5 in the
SM [23]).
Fig. 2c displays the results of a fit of the LK theory,
Eq. 1, of the oscillation amplitude at 10 K. We chose
to analyze the data at this particular temperature, since
the higher frequencies were substantially damped, so that
the oscillations associated with the 40 T frequency were
clearly dominant. The best fit of this form to the data
results in a frequency of 41.0±0.2 T, which matches the
frequency found in the FFT analysis. In addition, we
determine a phase factor, (-γp-δp), in Eq. 1, that is small,
-0.06±0.01, indicating a non-trivial Berry phase. If we
assume the minimal cross section (δp =
1
8 ), we find ΦB =
(1.13 ± 0.01)pi, while for a maximal cross-section (δp =
− 18 ), we find ΦB = (0.63 ± 0.01)pi. This result strongly
suggests a non-trivial topological structure of the states
in the α band.
The value of the Berry phase, can also be extracted
from a Landau level (LL) fan diagram, since the den-
sity of states is proportional to dM/dB [32, 38, 40]. To
further investigate the frequency α, we isolated (inset of
Fig. 2d) and indexed the oscillation minima and maxima
with integer values n and plotted them versus the cor-
responding inverse field value [32, 40]. The Berry phase
can then be estimated using the intercept n0, i.e. ΦB =
2pi(n0 ± δp), where δp is defined as above. From the fit to
the filtered data (Fig. 2d), the intercept n0 is 0.46±0.05.
4Using this value, the Berry phase is (1.17±0.05)pi for the
minimal cross-section or (0.67±0.05)pi for the maximal
cross-section. These values are consistent with the phase
determined from the LK fit. Furthermore, the slope of
40.9±0.6 T in Fig. 2d is within our measurement uncer-
tainty of the frequency determined from the FFT analysis
and the LK fit.
The Dingle temperature TD can be estimated from
the magnetic field dependence of the dHvA amplitude
through a comparison to Eq. 1, where the term RD con-
tains this dependence (see SM [23]). By fitting the ex-
pression forRD to the field dependence of the α frequency
(Fig. S5b), we find TD = 8±2 K. Using the value of TD,
the relaxation time, τq, and subsequently the mobility,
µq, can be estimated through the relations τq=
h¯
2piKBTD
and µq =
eτq
m∗ [38]. Our data are thus consistent with τq
= 1.5× 10−13 s, and a large mobility µq = 1465 cm2/Vs.
This large mobility is typical of topologically non-trivial
states and is found in almost all topological compounds,
such as TIs and Dirac materials [6, 41]. Thus, our analy-
sis indicates that the α frequency corresponds to a topo-
logically non-trivial mode with a small effective mass and
high mobility. In the quantum oscillation study of the
topological superconductor Cu0.25Bi2Se3, the observed
Dirac-like band was also found to possess a small effective
mass and high mobility [42], and hence the properties of
the α band in BiPd are consistent with those of electron
bands in other topological superconductors.
It is important to point out that the three-dimensional
topological band discovered here is distinct from and not
necessarily related to the Dirac surface states observed
in BiPd via ARPES and STM studies. The Dirac point
of the surface states lies much below the Fermi level i.e.
0.7 eV [26], and this large separation in energy scales
indicates that the topology of the α mode is independent
from that of the surface states.
In summary, we have measured dHvA oscillations in
high-quality single crystals of the NCS superconductor
BiPd. FFT analysis revealed multiple frequencies as-
sociated with a complex Fermi surface. Among those,
we focused on the lowest frequency oscillation, α, which
corresponds to a small pocket of the Fermi surface that
we determined to be three-dimensional and anisotropic.
Crucially, the analysis of the phase of the oscillations re-
vealed a non-trivial Berry phase associated with the car-
riers in this pocket. A non trivial Berry phase in the bulk
band points toward the possibility of topological states
in this compound. The small frequency and the concomi-
tant low carrier density in the α band suggest that, if this
is the only topological band in BiPd, it can not drive
the superconductivity. In that case the topological su-
perconductivity is proximity-driven, and its experimental
signatures are sample-dependent, as, for example, strong
disorder may suppress the proximity-induced gap. Our
data, however, do not preclude the topological nature of
other bands in this material, but we can conclusively de-
termine the Berry phase of the α band. The coupling
of the non-trivial topology of one or more of the bands
to the superconductivity then indicates the realization of
topological superconductivity in this compound, similar
to the topological superconductor Cu0.25Bi2Se3 [7, 42] .
Our work shows the first evidence for the topological na-
ture of the carriers in BiPd and provides motivation to
further study the nature of the bulk multiband supercon-
ductivity and detailed conditions for the existence of its
topological superconducting states.
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